A simple and cheap analytical technique was developed for the measurement of total mercury in river water samples using inductively coupled plasma-mass spectrometry (ICP-MS). It is based on the direct complexation of mercury ions using iodide and a cationic surfactant in water for its subsequent solid-phase extraction. Mercury ions are retained on the silica phase as ion pairs in the presence of iodide ions and dodecyltrimethylammonium bromide. Parameters having influential influence on the retention of Hg(II) were investigated: sample flowrate, eluent type, sample volume, iodide and surfactant concentrations. The retained mercury ions are stripped off from silica phase using 10 mL of 8 mol L -1 HNO3 and quantified by ICP-MS. An enrichment factor of 50 was achieved with a maximum adsorption capacity of 718 μg Hg(II) g -1 . The limit of detection of Hg(II) was 8 pg mL -1 . The developed method was applied for the determination of total mercury in river and tap-water samples.
Introduction
Mercury is one of the most toxic environmental pollutants due to its bioaccumulative character in the food chain via its organic form (methylmercury). The major anthropogenic sources of mercury pollution are coal-fired power plants, cement kilns, chlor-alkali plants, gold mining and batteries. Most modern analytical techniques do not succeed in the detection of mercury in natural water due to its low concentration. Preconcentration becomes a necessity to meet the detection limit of the analytical technique used. Among numerous preconcentration techniques, solid phase extraction (SPE) is the well adapted for the preconcentration of mercury from aqueous samples. 1 There are two methods for the SPE of metals from water matrix. The first is the direct addition of a ligand into the sample and its percolation through the solid phase. 2 The second method requires the immobilization of a ligand on the solid matrix used through a well-defined synthetic procedure. 3 Then, the aqueous sample can be preconcentrated through the synthesized resin. The second method offers a stronger resin capable of the formation of stable metal complexes with resin that is evidenced by a high preconcentration factor. 4 However, the immobilization method is exhaustive, and demands precautions while synthesizing the resin to eliminate cross-contamination. As compared to the second method, the first one is simple, rapid and easy. Nevertheless, not all ligands succeed in the formation of stable metal chelates with high-stability constants, such as 8-hydroxyquinoline.
The retention of metal ions on the solid matrix can be either by simple adsorption, chelation or ionic exchange. There are studies that developed methods for the retention Cd-chelates on the silica phase. It is based on the formation of anionic metal species in the aqueous phase. Also, by the anion-exchange mechanism with quaternary ammonium salts, metal chelates are readily adsorbed on the silica matrix. 5, 6 Mercury is considered as soft acid, which makes its complexation with anionic soft bases possible. Its adsorption on silica phase is ensured by the formation of hydrophobic ion pairs with a suitable counter cation. By anion exchange mechanism, the anionic metal complexes are transformed to ion pairs in the presence of a cationic surfactant.
The aim of this study is to develop a simple, cheap and efficient method for the in situ extraction of total mercury from river-water samples and analysis using inductively coupled plasma-mass spectrometry (ICP-MS). Mercury ions in the sample form iodo-mercury complexes (HgI4 2-) with iodide. In the presence of an anion exchanger dodecyltrimethyl ammonium chloride (DTAB), the iodo-mercury complexes form ion pairs, [HgI4
The hydrophobic ion pair is adsorbed on the silica-phase column. Mercury ions are desorbed from the solid phase using nitric acid, and determined by ICP-MS. In this method, total mercury in river samples could be preconcentrated in situ on silica columns. Thus, mercury ions are directly preserved at the sampling field without the need of large-volume water sampling and preservation techniques, which could risk a deterioration of Hg contents in the sample. Besides, the solid-phase extraction of minute concentrations of Hg(II) had made the analysis possible with such techniques as ICP-MS other than the known sensitive CV-AFS and CV-AAS.
Experimental

Reagents and apparatus
Analytical reagent-grade chemicals were used and obtained from Sigma Aldrich (France). Ultra-pure water was used for preparing the reagent solutions. An inorganic mercury (Hg 2+ ) stock solution (1000 mg L -1 ) was prepared from mercuric chloride (Merck). Buffer solutions were prepared from 1 M sodium acetate, and the pH was adjusted to the desired pH value by adding different volumes of 1 M HNO3.
An inductively coupled plasma mass spectrometer, ThermoOptek X7 (Thermo Fischer Scientific, USA), equipped with a cross-flow pneumatic nebulizer, a concentric glass-type nebulization chamber and a 1.5-mm i.d. quartz plasma torch, was used. All of the operating parameters were those recommended by the manufacturer. The optimum operating conditions and measurement parameters for ICP-MS are listed in Table 1 . Measurements were performed with high-purity Argon gas. The pH measurements and adjustments were conducted by a pH meter, calibrated using two standard buffer solutions of pH 4 and 7. The flow rate of the samples was adjusted using a Gilson Miniplus 3 peristaltic pump. PVC tubes (3.18 i.d.) were used for the preconcentration process. Self-made PTFE (polytetrafluoroethylene) columns (65 × 4 mm i.d.) were used for packing the examined adsorbent.
General extraction procedure
River water was used throughout the optimization procedure. For that, river-water samples were filtered through a 0.45-μm pore size Millipore filter and acidified by nitric acid (0.5% v/v), and frozen till used.
Home-made silica phase columns were fabricated. For that purpose, a batch of silica gel (100 -200 mesh) was activated by passing successively 20 mL/1 g silica methanol, 20 mL/1 g silica ultrapure water, 20 mL/1 g silica 2 mol L -1 nitric acid, 20 mL/1 g silica ultrapure water, 5 mL/1 g silica methanol, and 10 mL/1 g ultrapure water. Then 1 g of activated silica phase was packed in PTFE column (6 mL volume, 4.0 mm i.d., 60 mm length) and sealed with glass wool at both ends. Suitable 50 mL river water was spiked with a final concentration 0.04 μg mL -1 , 0.01 mol L -1 KI, 0.0005 mol L -1 DTAB. The river-water samples were left to stabilize for 1 h, and then passed through the column at a flow rate of 2 mL min -1 using a peristaltic pump. The retained analytes were desorbed from silica phase by using 8 mol L -1 nitric acid at a flow rate of 0.5 mL min -1 .
Results and Discussion
Effect of the pH Mercury ions form iodo-mercury complexes in the presence of iodide ions (Eq. 1). The addition of quaternary ammonium salts forms a hydrophobic ion pair with anionic metal complexes (Eq. 2) that assure its adsorption on the silica matrix:
One of the most influential factors affecting the adsorption of metals is the pH value of the water sample. For that reason, different pH values in the range of 3 -8 were tested in order to obtain the optimum extraction of mercury ions. As observed in Fig. 1 , the pH values examined are shown not to significantly influence the extraction efficiency with the optimum recovery reaching 95% at pH 4. Moreover, the extraction of mercury ions decreases slightly to 82% for pH > 4. For the following optimization experiments, pH 4 of the sample solution was adopted. The extraction of mercury ions was found to be unchanged in the tested pH range. This is attributed to the nature of quaternary ammonium salts with permanent positive charge, which enables it to form salts with different anions over a wider pH range than primary, secondary and tertiary amines. 7 Unlike quaternary amines, triisooctylamine (TIOA) is pH-dependent. At low pH values, TIOA can form an amine mineral salt acid, which has been shown to be the most efficient for the extraction of metals. 8 
Effect of the flow rate
The flow rate of the sample is another factor affecting the adsorption of the metal chelate on the silica phase, thus controlling the time of analysis. As a result, different water samples are passed through the column at different flowrates (1 -5 mL min -1 ) controlled by a peristaltic pump. As can be seen in Fig. 2 , the sample flow rate does not seem to considerably influence the extraction of mercury ions. A flow rate of 2 mL min -1 was selected for further experiments. The eluent flow rate is another parameter that affects the desorption of the retained analytes. Therefore, the influence of the eluent flow rate on the extraction of mercury ions was also studied. It was found that 0.5 mL min -1 was sufficiently low to ensure the maximum desorption of mercury ions from the silica phase.
Effect of the eluent type and volume
Since numerous sorbents form strong bonds with Hg(II), it becomes a challenging task to elute mercury ions. High concentrations of HNO3, HCl were insufficient for a quantitative elution of Hg(II). Only acidified thiourea by HCl was able to complete elution. 9 As a result, 10 mL of 0.5 mol L -1 HCl and 0.5% thiourea was examined, and showed an 84% recovery of mercury ions, which is comparable to elution with 4 mol L -1 HNO3. Consequently, the elution conditions were studied by varying the concentration of nitric acid. In the desorption reaction, NO3
-is interchanged with HgI4 2-in an acidic medium (Eq. (3)). The obtained results given in Table 2 showed that 10 mL of 4 -8 mol L -1 HNO3 allowed a quantitative elution of mercury ions.
The volume of the eluent should also be examined to guarantee complete elution of the analytes. Thereby, 10 mL of 8 mol L -1 HNO3 was passed through the column in five aliquots. The results given in Fig. 3 , show that a volume of 10 mL allowed the recovery of 100% of the mercury ions.
Ion pair formation
Based on HSAB theory, soft metals like mercury form adducts with soft bases. To investigate the efficiency of complex formation with anionic bases, different ligands were examined for that purpose. The results given Table 3 show that the iodideHg complex has the capacity of hydrophobic complex formation with a counter ion, allowing its adsorption on the silica phase. This is attributed to the high stability constant of the iodide-Hg complex, which overcomes all other tested ligands ( Table 4) .
The effect of the iodide concentration on mercury extraction was also examined by varying the concentration of iodide ions from 0.005 -0.1 mol L -1 . It was noteworthy that the iodide concentration had an influential role on HgI4 2-formation. Thus, it is evident from Fig. 4 High-molecular-weight quaternary amines are an efficient anion exchanger for anionic metal complexes. 8 There is a large repertory of quaternary ammonium salts, from methyltrioctylammonium chloride, aliquat 336 (tri-octyl methylammonium chloride), alamine 336 (tri-octyl amine), cetyltrimethylammonium bromide and Primene JMT (1,1,3,3 ,5,5,7,7,9,9-decamethyl decyl amine), all used as counter ions for the extraction of anionic metal complexes. 5, 6, 12 Quaternary ammonium salts are readily adsorbed on hydrophobic sorbents, like the silica phase. 13 This hydrophobic character of the surfactant is attributed to its high molecular weight. Therefore, the effect of the DTAB concentration was studied by varying its concentration in the range of 5 × 10 
Effect of coexisting interferences
The effect of different interferences on the adsorption of HgI4 2-on a silica column was studied (Table 5) . Various interfering species are examined based on their potential presence in natural river water. Anions like SO4 2-, NO3 -were tested for their potential interferences in complexing mercury ions acting as ligands. Major cations i.e. Mg 2+ , Ca 2+ were also examined for their potential competition with mercury ions to form stable complexes with iodide using the developed analytical method. The likely presence of organic ligands such as humic acid, oxalic acid, etc. in river water emphasizes the importance of examining their effects on the extraction of mercury ions acting as powerful complexing agents for mercury. Ligands such as thiocyanate and citrate could be anthropogenically present in river water due to urban and agricultural effluents as it seems the case of most rivers around the world. Concentrations of interfering substances are chosen on the basis of their natural occurrence in natural river water or/and river water affected by urban effluents and agricultural runoffs.
A solution of 2 μg L -1 containing the optimized concentration of I -and DTAB and the added interfering substance was passed through a silica column. The results given in Table 5 showed that most substances interfered in the recovery of mercury ions. A 50-fold Al 3+ , 160-fold Na2C2O4 have decreased the extraction of mercury ions to 96%. A 150 -4000-fold KCN, NO3 -, KNaC4H4O6, Na + , Na3C6H5O7 have reduced the extraction of mercury ions to 91 -95%. A 3000 -500-fold Ca 2+ , Na2CO3, SO4 2- , Mg 2+ decreased the extraction to 84 -89%. A 650-fold humic acid has the most substantial influence on mercury ions extraction, which diminishes to 70.9%.
The effect of heavy metals on the adsorption of mercury ions was also investigated (Table 6) . A binary metal mixture was passed through the column under the optimized conditions. 8 Mainly, the adsorption of metals depends on many factors, such as the pH, temperature, sorbent dose and metal concentration. Moreover, other factors can considerably vary the adsorption of metals, such the presence of a competitive metal ion, which can either promote or decrease the sorption. 14 The competition of the coexisting metal depends on its stability constant with the functional groups of the adsorbent and metal ion to the charge radius (Z/r). In the ion-exchange mechanism, the adsorption depends on the metal charge-to-radius ratio (Z/r). 15 The results show that, 15-fold Cd(II) had the most potent effect on the Hg(II) adsorption among all of the examined metals, which decreased the extraction to 72%. Therefore, the results may vary from the predicted behavior of the metals based on the Z/r ratio. This difference sets off other factors, like the experimental conditions (anion exchange) and the sorbent properties. The competitive adsorption between cadmium and mercury was also found by Dalali et al. 6 but with a higher tolerance concentration for mercury. This significant decrease in the retention of mercury ions is due to either competition between the soft metals to form a complex with iodide ions, or the competition of other ligands to form complexes with the Hg(II) ion.
Normally, high concentrations of interfering substances are not encountered in natural water, which is manifested by a high recovery of HgI4 2- with DTAB on the silica phase using a river-water matrix.
Adsorption capacity
The adsorption capacity of the silica phase is the amount of 
Breakthrough volume
It is important to determine the maximum sample volume while allowing the enrichment of low concentrations of mercury ions from large volumes. For this purpose, different volumes (50, 100, 200, 500 and 1000 mL) containing the same amount of 2 μg of Hg(II) ions were percolated through 1 g of the silica phase at the optimum flow rate (Fig. 7) . The maximum applicable volume that allowed a quantitative retention of mercury ions was 500 mL, and at greater volume the recovery drops off significantly. The breakthrough volume was up to 1000 mL for the retention of Cd 2+ ; 5, 6 however, lower breakthrough volumes were determined for Hg(II) ions. This can be attributed to the more stable complex formation of CdI4 2- than HgI4 2-with quaternary ammonium salts. Considering the final elution volume of 10 mL, the preconcentration factor (PF) becomes 50.
Analytical performance and applications
The detection limit (LOD) was calculated according to IUPAC, 16 which is three-times the standard deviation of eight runs of the blank solution (3σ), which was 0.008 μg L -1 . The a. The value following "±" is the standard deviation (n = 3).
relative standard deviation (RSD) of 6 runs of 2 ng mL -1 Hg(II) was lower than 5% indicating a good precision of the analytical method.
The proposed procedure was applied to river-and tap-water samples via spike recovery experiments. About 500 mL of river-and tap-water samples were spiked 2 μg L -1 and passed through a silica column according to the general procedure. As shown in Table 7 , the proposed methodology efficiently preconcentrates mercury ions from both river-and tap-water matrices with recoveries in the range 95 -105%. Table 8 represents a comparison of the developed method with some SPE methods for the preconcentration of Hg(II). The suggested method is superior to the others in terms of its applicability in a wider pH range, but comparable in LOD. However, the other methods possess the advantages of adsorption capacity and enrichment factor.
Comparison with other SPE Hg(II) methods
The developed method surpasses the others in its simplicity. The fact that there is no modification needed for the adsorbent, is because it is based on the direct addition of a ligand (I -). In addition, there are few direct addition methods that succeeded in the recovery mercury ions by solid-phase extraction.
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Conclusions
In this work, a simple, cheap and reliable method was developed for the in situ determination of trace levels of mercury ions from river water samples. It is based on the adsorption of [HgI4 interference-free extraction of mercury ions, simplicity (direct addition of reagent in the sample), rapidity (no modification of the sorbent is required) and possible analysis by ICP-MS. It allows in situ sampling and is particularly suited for distant sites and long-term monitoring programs, while avoiding the sampling of large volumes of water. With the developed analytical method, an all-element analytical technique is used, i.e. ICP-MS, overcoming Hg memory effects conferred to the preconcentration principle. Besides, the great value of the I -/DTAB/SiO2 extraction system is for its application to diluted water samples. 
